Background: Dietary intakes of glutamic acid and glycine have been reported to be associated with blood pressure.
Introduction
The population-based International Collaborative Study of Macronutrients, Micronutrients, and Blood Pressure (INTER-MAP) Study recently reported that glutamic acid intake was significantly inversely associated and glycine intake was significantly positively associated with blood pressure (1, 2) . Because hypertension is a strong risk factor for stroke, there is a possibility that a high glutamic acid intake decreases the risk of stroke and a high glycine intake increases the risk of stroke. However, to our knowledge, no studies have addressed the association between these amino acids and stroke incidence or mortality. Previous cohort studies of dietary protein and the risk of stroke are scarce and have yielded inconsistent results (3) (4) (5) (6) (7) (8) ; in such a context, studies considering food sources of protein have been recommended (9) . Concurrently, studies of amino acids as potential key components in relation to the risk of stroke should be worthwhile.
Both glutamic acid and glycine are traditionally considered nonessential amino acids. It has been assumed that nonessential amino acids are synthesized sufficiently in the body. However, in recent years, there has been the idea that, as with essential amino acids, dietary nonessential amino acids are required for growth and health (10) . Glutamic acid is a ubiquitous amino acid present in many foods including animal and plant origins and is the most common dietary amino acid (11) . Glycine also occurs widely in many foods (2, 12) . In the INTERMAP Study, the strongest contributors of intakes of glutamic acids and glycine were vegetables and meats, respectively. However, food sources of glutamic acids and glycine differed between Asian and Western populations (1, 2) . It is interesting to see whether these amino acids can be commonly responsible for the risk of stroke in different populations. In the present study, we examined the TABLE 1 Baseline characteristics of Japanese men and women according to quartile of glutamic acid and glycine intake (n = 29,079) 1 by guest on July 31, 2017
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Methods
Study population. Participants were cohort members from the Takayama Study (13) . The Takayama Study was established in 1992 in Takayama City, Gifu, when a total of 31,552 residents aged $35 y provided information on their lifestyle and medical history. In brief, the Takayama Study is an ongoing prospective cohort study to investigate associations between diet and other lifestyle factors with cancer and other chronic diseases. The participation rate was 85.3%. A detailed description of the study design and methods used can be found elsewhere (13) . For the present analysis, we excluded subjects who reported having or having had cancer (186 men and 540 women) and stroke or coronary heart disease (886 men and 861 women) on the baseline questionnaire. In total, 29,079 subjects (13,355 men and 15,724 women) were included in our analyses.
Dietary and nondietary measurements. At baseline, lifestyle and health-related variables were collected using a self-administered questionnaire. These included questions on demographic characteristics, smoking, diet, physical activity, and medical and reproductive histories. Diet, including alcohol intake, was assessed with a validated 169-item semiquantitative FFQ. The questionnaire asked participants how often on average they consumed each of the food and dish items listed and what was the usual serving size of each item during the year before the study. Subjects who left $4 of 9 two-page spreads all blank, who answered #16 of 173 food items, who themselves did not respond, who selected the food frequency category of ''never'' for all food items, or who selected the food frequency category of ''once a day'' or ''two or more times a day'' for continuous $40 food items were not included in the study. Furthermore, subjects who reported to have staple food (any kind of rice, bread, flour, or noodles) $5 times, meat $7 times, fish $7 times, or $400-mL ethanol per day were excluded [criteria shown in Shimizu (13) Tables, values published by the USDA were also used for estimation of amino acid intake. FA composition was evaluated with use of data published by Sasaki et al. (14) . A detailed description of the FFQ, its reliability and validity, and the method for calculating nutrient intakes has been published previously (15, 16) . We additionally evaluated the validity of amino acid intake estimation. The
Spearman correlation coefficients between the questionnaire and 12 daily diet records kept over a 1-y period for intakes of glutamic acid and glycine intake were 0.43 and 0.48, respectively, in men and 0.55 and 0.56, respectively, in women. We could not obtain the information on the use of protein supplements. Physical activity was assessed by asking the average hours per week spent performing various kinds of activities during the past year. The time per week spent at each intensity of activity was multiplied by its correspondent energy expenditure requirements, expressed as a metabolic equivalent, and summed up to yield a score (metabolic equivalent, h/wk). The details including its validity are described elsewhere (17) . , and stroke of undetermined type. Information concerning subjects who moved away from Takayama City during the course of the study was obtained from the residential registers or family registers. During the study period, 941 (6.5%) men and 971 (5.7%) women moved out of Takayama City. Among them, the date of moving was unknown for 104 (0.7%) men and 147 (0.9%) women. They were censored at the latest date when they were known to reside in the city. This study was approved by the ethical board of the Gifu University Graduate School of Medicine.
Statistical analyses. For each participant, person-years of follow-up were calculated from the date of response to baseline questionnaire to the date of death, the date of emigration out of Takayama, or October 1, 2008, whichever came first. Glutamic acid and glycine intake was expressed as a percentage of total protein intake as provided in studies reported by Stamler et al. (1, 2) and Qin et al. (18) . Subjects were divided into 4 equal groups according to quartile of glutamic acid and glycine intake, respectively. Using the Cox proportional hazard model, the HRs and 95% CIs for mortality from stroke for each category were calculated in comparison to the lowest intake category. The median value of glutamic acid or glycine of each category was used to assess linear trend. We included age and total energy in the models as covariates. Additional adjustment was made for nondietary factors including intake of marital status (married or not married), level of education (#11, 12-14, $15 y, or missing), height (in quintile or missing), BMI (in quintile or missing), smoking status (never, former, current with #30 y of smoking, current with >30 y of smoking, or missing for men, and never, former, current, or missing for women), physical activity score, alcohol consumption (in quartile for men and categorized as those who drank no alcohol, equal to or less than the median, or more than the median for women), histories of diabetes and hypertension (yes, no), menopausal status (premenopausal, postmenopausal, or missing for women only), and dietary factors including intakes of total protein, saturated fat, polyunsaturated fat, salt, and dietary fiber. To assess whether the associations were modified by history of hypertension at baseline, we used models including the product terms of each of the amino acid intakes (as continuous variable) with history of hypertension at baseline (as level 2 categorical variable) reflecting interaction. Because previous studies on dietary protein and stroke classified protein intake as from animal and vegetable sources, we also examined the associations of animal and vegetable protein intake in terms of percentage of protein intake with the risk of stroke mortality. All statistical analyses were performed with use of SAS programs. Significance was defined as two-sided P < 0.05.
Results
Baseline characteristics of the study population according to sex and quartile of glutamic acid and glycine intake in terms of percentage of total protein are presented in Table 1 . Men who had a greater intake of glutamic acid were more likely to be old, not married, more educated, less obese, physically less active, and more likely to have reported a history of diabetes. They also had a lower intake of alcohol, total energy, protein, and polyunsaturated fat and a higher intake of saturated fat and dietary fiber. Women who had a greater intake of glutamic acid were more likely to be less obese, physically less active, and more likely to have reported a history of diabetes. They also had a lower intake of alcohol, total energy, protein, polyunsaturated fat, salt, and dietary fiber and a higher intake of saturated fat. Men who had a greater intake of glycine were more likely to be young, less educated, obese, current smokers, physically active, and less likely to have reported a history of diabetes. They also had a higher intake of alcohol, total energy, protein, polyunsaturated fat, and salt and a lower intake of saturated fat. In women, those who had a greater intake of glycine were more likely to be young, tall, obese, not married, current smokers, premenopausal, and more likely to have reported a history of hypertension and diabetes. They also had a higher intake of total energy, protein, salt, and polyunsaturated fat and a lower intake of saturated fat and dietary fiber. Our questionnaire was designed to measure an individualÕs relative intakes of nutrients rather than absolute values. Although we presented the mean values for nutrients in Table 1 , some of them may be overestimated by our questionnaire. The mean values estimated from the FFQ were generally higher than those estimated from 12 daily diet records; e.g., the mean estimate of total protein in the former was 8% higher in men and 14% higher in women than in the latter. Major food groups supplying glutamic acid intake were cereals/potatoes and starches, fish and shellfish, and soy foods. The contributions (as a percentage of total amount of glutamic acid) of these food groups were 32.4%, 18.8%, and 13.5%, respectively, in men, and 30.7%, 16.6%, and 14.3%, respectively, in women. For glycine intake, the major food groups were fish and shellfish, cereals/potatoes and starches, and meats (the contributions were 28.6%, 23.7%, and 19.4%, respectively, in men, and 26.5%, 23.0%, and 17.6%, respectively, in women).
During follow-up, 677 deaths from stroke (328 men and 349 women) were identified. The association of glutamic acid and glycine intake with the risk of stroke mortality is shown in Table  2 . Because the number of cases with subarachnoid hemorrhage and undetermined type was small, the results for these types are not shown. In men, glutamic acid and glycine intake were not Adjusted for age, energy, height, BMI, physical activity, smoking status, education, marital status, histories of diabetes and hypertension, and intakes of alcohol, total protein, saturated fat, polyunsaturated fat, salt, and dietary fiber. Further adjusted for menopausal status for women.
significantly associated with the risk of mortality from total stroke after controlling for covariates. However, the association between glycine intake and the risk of mortality from total and ischemic stroke was significantly different according to history of hypertension at baseline (P-interactions were 0.03 and 0.03, respectively). Among men without a history of hypertension at baseline, compared to the lowest intake, the highest quartile of glycine intake was significantly associated with an increased risk of mortality from total and ischemic stroke. The HRs (95% CIs) per 1% increase in glycine intake were 2.10 (1.06, 4.16) for total stroke mortality and 2.83 (1.14, 7.03) for ischemic stroke mortality. In women, the highest quartile of glutamic acid intake was significantly associated with a decreased risk of total stroke mortality; the HR per 1% increase in glutamic acid intake was 0.84 (95% CI: 0.72, 0.98). There was no significant association between glutamic acid intake and risk of mortality from any subtype of stroke in women. Any association did not differ significantly between women with and without a prior history of hypertension. An additional adjustment for the intake of calcium, cholesterol, and vitamin use slightly strengthened the relations: the HRs of total stroke mortality for the highest vs. lowest quartile of glutamic acid were 0.79 (95% CI: 0.55, 1.13; P-trend: 0.23) in men and 0.71 (95% CI: 0.51, 0.98; P-trend: 0.03) in women; the HRs of ischemic stroke mortality for the highest vs. lowest quartile of glycine intake were 1.56 (95% CI: 0.58, 2.75; Ptrend: 0.08) in men and 2.06 (95% CI: 1.03, 4.13; P-trend: 0.03) in men without a history of hypertension at baseline. Exclusion of deaths during the first 3 y did not alter the results substantially; e.g., the HRs of ischemic stroke mortality for the highest vs. lowest quartile of glycine were 1.51 (95% CI: 0.88, 2.58; P-trend: 0.08) in men and 1.82 (95% CI: 0.95, 3.48; Ptrend: 0.04) in men without a history of hypertension at baseline. The HR of total stroke mortality for the highest vs. lowest quartile of glutamic acid intake was 0.69 (95% CI: 0.49, 0.97; P-trend: 0.03) in women. The association between glutamic acid intake and the risk of total stroke mortality was not significant in the analysis for men and women combined; the HR for the highest vs. lowest quartile of glutamic acid intake was 0.86 (95% CI: 0.69, 1.07; P-trend: 0.11).
There was no significant association between animal or vegetable protein and the risk of mortality from total or any subtype of stroke in both men and women ( Table 3) . The correlation coefficients of glutamic acid intake with vegetable protein intake were 0.32 in men and 0.34 in women. The corresponding values for glycine intake with animal protein were 0.23 in men and 0.14 in women.
Discussion
We observed that a high intake of glutamic acid was significantly associated with a decreased risk of total stroke mortality in women. Although we failed to obtain statistical significance in the results for all subjects, the relation of glutamic acid intake with total and ischemic stroke mortality did not greatly differ between men and women. Glycine intake was significantly associated with an increased risk of mortality from total and ischemic stroke in men without a history of hypertension at baseline.
Previous cohort studies on dietary protein and the risk of stroke have classified protein intake as from animal and vegetable sources. However, results based on this subtype of protein intake have still been inconsistent (3-7). Animal protein intake was significantly inversely associated with the risk of intraparenchymal hemorrhage in a cohort of Japanese middleaged men (3) and women and in the NursesÕ Health Study cohort (4) . In another Japanese cohort (5), animal and vegetable proteins were not associated with the risk of mortality from ischemic stroke. Both animal and vegetable proteins were inversely associated with the risk of total and ischemic stroke in a cohort of Swedish women (7), although the association for vegetable protein was of marginal significance. In the Health Professionals Follow-up Study (6) , neither animal nor vegetable protein was related to the risk of total, ischemic, and hemorrhagic stroke. We did not observe a significant association between animal or vegetable protein intake and the risk of mortality from total or any subtype of stroke. In addition, glutamic acid and glycine were only moderately associated with animal and vegetable protein intake in the present study. It is possible that these amino acids rather than animal or vegetable protein would be relevant to the risk of stroke.
Several potential mechanisms for the association between glutamic acid intake and blood pressure have been described previously (1) . For example, glutamic acid is one of the precursors for a major natural scavenger, glutathione (19) . Glutathione can counteract oxidative injury from free radicals and can enhance the hypotensive effects of nitric oxide (19, 20) . Although the association between glutamic acid intake and the risk of stroke mortality did not differ significantly between those with and without a history of hypertension at baseline, it is possible that glutamic acid can have a favorable effect on blood pressure among those with a history of hypertension at baseline. Glutamic acid is involved in multiple metabolic processes (21) . It is also possible that dietary glutamic acid may influence the risk of stroke not mediated by hypertension. Glutamine attenuates the inflammatory response by regulating nitric oxide synthase activity (19) . Glutamine could act both as a substrate and a modulator of glucose metabolism and could contribute to whole-body glucose homeostasis (22) . However, we should keep in mind that the blood concentration of glutamine/glutamic acid would not correlate well with dietary glutamic acids. In a study examining the overnight effect of high protein ingestion (23), the increase in plasma concentrations of nonessential amino acids, including glycine and glutamine/glutamic acid, after ingestion was lower than the increase in plasma concentrations of essential amino acids. Because the association between glycine intake and the risk of ischemic stroke was stronger in men without a history of hypertension at baseline, the direct relation of glycine intake to blood pressure may be responsible for this. We could not observe a similar association for women without a history of hypertension at baseline. Lower prevalence of hypertension in women, especially in premenopausal women, has been noted, implicating a protective role of estrogen against the development of hypertension (24) . Vasoprotective properties of estrogen have also been suggested (25) . The effect of glycine intake on blood pressure may be obscured under the possible protection by estrogen in women. Nonetheless, the association of glycine intake with the risk of ischemic or total stroke was somewhat stronger in women with a prior history of hypertension, although these associations were not statistically significant. This discrepancy between men and women may indicate that the observed significant associations between glycine intake and total and ischemic stroke mortality in men without a prior history of hypertension were by chance. Experimental studies have not supported that glycine could raise blood pressure; rather, some of them suggested favorable effects of glycine on blood pressure (26) . Glycine is involved in the pathway for the storage of iron (27) . Elevated iron stores can lead to catalytic production of highly damaging pro-oxidant radicals and thus may be relevant to the risk of stroke (28) .
In a previous cohort study among Japanese men and women, a Japanese dietary pattern that was highly correlated with the intakes of soy foods, fish, seaweeds, vegetables, and fruits was significantly associated with a deceased risk of total and ischemic stroke (29) . Other dietary patterns, an animal food dietary pattern and a high-dairy, high-fruit-and-vegetable, low-alcohol dietary pattern, were unrelated to the risk of stroke. In our study, the energy-adjusted fish intake was inversely correlated with glutamic acid (r = 20.25 in men and 20.30 in women; P < 0.0001) and positively correlated with glycine intake (r = 0.50 in men and 0.52 in women; P < 0.0001). Therefore, it is unlikely that glutamic acid intake represents a Japanese dietary pattern. However, we cannot deny the possibility that the intake of glutamic acid and glycine may just reflect a certain dietary pattern.
The strengths of the present study include the prospective design, validation of the dietary questionnaire, representation of the general population, information on potential confounders, and a high rate and length of follow-up. However, several limitations should be considered. The sample size was limited, which precluded analyses on subtypes of stroke with small numbers of deaths. The use of mortality instead of incidence data disabled us from distinguishing the effect of dietary glutamic acid or glycine on incidence, survival, or both. We had no information on blood pressure or status of hypertension during the follow-up. Therefore, we were unable to evaluate the attribution of hypertension to the observed associations between glutamic acid and glycine intake and the risk of stroke. Given these limitations, the clinical significance of the associations of dietary glutamic acids and glycine with stroke mortality is unclear. However, it is important to examine whether these associations per se should exist. Despite the use of a validated FFQ, measurement errors inherent in dietary assessments were inevitable. However, because of the prospective design, the measurement errors are likely to attenuate the associations toward the null. Nonetheless, the influence of underlying diseases or preclinical signs on dietary intake was possible, but it is unlikely that such conditions induced lower consumption of glutamic acid or higher consumption of glycine without affecting total protein or total energy. In addition, the risk estimates were similar after excluding the first 3 y of follow-up. Dietary habits measured only at baseline may have changed during the follow-up and resulted in exposure misclassification. However, it is unlikely that individual glutamic acid or glycine intake was inversely correlated with the intake in the past. We took into account potential confounding effects from numerous lifestyle and dietary factors, but residual confounding or unmeasured variables could account for the observed associations.
In conclusion, glutamic acid intake was associated with a decreased risk of mortality from total stroke in women, and glycine intake was associated with an increased risk of mortality from ischemic stroke in men without a history of hypertension. Because neither animal nor vegetable protein was related to the risk of stoke mortality, it is tempting to consider the possibility that the type of amino acid rather than the broad category of protein (vegetable or animal) has implications for stroke development. If our findings are true, they would also motivate clinical studies investigating the role of dietary amino acids in stroke control. Replication of the results is needed in other cohort studies.
